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In this paper we show that positron data from AMS seems to rule out the explanation of the
ARCADE isotropic radio background excess in terms of self-annihilating dark matter. In earlier
works it was found that leptonic annihilation channels of light dark matter provide a good fit to
the excess due to synchrotron emission of the final state particles. However, limits on the self-
annihilation cross section derived from the positron data of AMS now severely constrain light self-
annihilating dark matter and cross sections below that of a thermal relic are already tested for
leptonic annihilation channels. Combining these two results, we conclude that an explanation of the
excess in the radio background in terms of self-annihilating dark matter is excluded.
Introduction The density of thermal relic dark matter
(including weakly interacting massive particles) is set by
its ability to annihilate with itself in the early Universe.
The cross section required to obtain the correct relic den-
sity corresponds to new physics at the electroweak scale.
For this reason it is hoped that this annihilation cor-
responds to the energy regime that is currently tested
at the LHC and to cross sections that are searched for
with current and next generation direct detection exper-
iments. A third place to search for such dark matter is in
space, as the Standard Model annihilation products can
give rise to observable signals across many wavelengths.
The balloon experiment ARCADE 2 [1] has collected
radio waves from the sky at frequencies between 3 and 90
GHz [2]. To extract a possible dark matter signal, a de-
tailed model of the background has to be created and sub-
tracted from the data. Background radiation comes from
Galactic emission and also from extra-Galactic sources,
such as the cosmic microwave background (CMB) or re-
solved point sources. Interestingly, after a careful back-
ground subtraction and including older maps at lower
frequencies [3–6] in the analysis, an excess in terms of a
power-law component remains, see e.g. [2, 7]. The pos-
sible excess is the so-called “ARCADE excess”, but note
also [8] for the claim of no excess in the data above back-
ground.
A possible explanation of the excess in terms of an-
nihilating dark matter seems promising [9, 10]. In ear-
lier works it was found, that a good fit to the excess in
isotropic radio waves can be achieved by light dark mat-
ter annihilating into lepton final states and subsequent
synchrotron emission of the final state particles. Sur-
prisingly, a self-annihilation cross section close to that of
the thermal WIMP paradigm is then needed [9, 11] mak-
ing the dark matter explanation more plausible. In this
paper, we confront this possible explanation further with
limits derived from the AMS data [12–14], and show that
the dark matter explanation is under great pressure and
seems to be excluded.
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The ARCADE Excess and Annihilating Dark Matter
The observed spectrum from the ARCADE 2 Collabora-
tion can be fitted well by the CMB plus an additional
power-law spectrum:
T (ν) = T0
hν/(k T0)
exp[hν/(k T0)]− 1 + Ts
( ν
GHz
)α
, (1)
with T0 = 2.729 ± 0.004 K as the temperature of the
CMB. The ARCADE Collaboration published as best fits
for the remaining parameters α = −2.62±0.04 and Ts =
1.19± 0.14 K [2].
As was pointed out in [9], and further investigated
in [11], annihilating dark matter may explain this excess.
The final state particles of dark matter self-annihilations
are expected to emit synchrotron radiation that can pos-
sibly account for the additional observed power-law spec-
trum. In this paper we will not repeat the exercise of red-
eriving the dark matter mass and self-annihilation cross
section necessary for a given annihilation channel to fit
the excess observed by ARCADE. Instead, we take the
robust results from reference [11] and give a short sum-
mary of the analysis performed and the results.
The spectrum of synchrotron radiation from dark mat-
ter annihilations is given by:
dφsyn
dEsyn
=
σv
8pi
c
H0
ρ¯2DM
m2DM
∫
dz(1 + z)3
∆2(z)
h(z)
dNsyn
dEsyn
× Esyn,0(1 + z) , (2)
where dNsyn/dEsyn is the spectrum of synchrotron emis-
sion per dark matter annihilation, z the redshift, σv the
annihilation cross section, H0 today’s Hubble constant,
mDM the dark matter mass, ρ¯DM the averaged cosmo-
logical dark matter density, h(z) =
√
ΩΛ + ΩM (1 + z)3
and ∆(z) is the averaged squared overdensity of dark
matter that depends on the halo mass function, on the
dark matter density profile and on substructures within
the halos. The quantity dNsyn/dEsyn depends on the in-
jected electron and positron spectrum and through the
energy losses also on the magnetic field in the environ-
ment of injection. To obtain the steady-state spectrum
for dNsyn/dEsyn, the diffusion-loss equation has to be
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2solved. This differential equation is:
0 = ~∇ · [K(~x,Ee)~∇dNe
dEe
(~x,Ee)]
+
∂
∂Ee
[b(~x,Ee)
dNe
dEe
(~x,Ee)] +Q(~x,Ee) . (3)
Here we have denoted b(~x,Ee) as the energy-loss
rate which is mainly dominated by inverse Comp-
ton scattering and synchrotron emission and K(~x,Ee)
as the diffusion parameter. Q(~x,Ee) is the source
term and for annihilating dark matter given by Q =
σv/(2m2DM)ρ
2
DMdNe,Inj/dEe. The injection spectrum of
annihilating dark matter, dNe,Inj/dEe, may be found
in [15]. If diffusion can be neglected (e.g. for elec-
trons and positrons that lose energy quickly in galactic
magnetic fields), the steady-state solution of the electron
spectrum is
dNe
dEe
(Ee) =
σvρ2DM
2m2DMb(Ee)
∫ ∞
Ee
dE′e
dNe,Inj
dE
(E′e) . (4)
The synchrotron emission from dark matter annihilation
is obtained by combining equations 2 and the steady-
state electron spectrum. For detailed information about
the halo mass functions and treatment of halo substruc-
tures we refer the reader directly to reference [11]. Here,
we give a short discussion about the applied parametriza-
tion of magnetic fields.
In general, intracluster magnetic fields are poorly un-
derstood and introduce uncertainties when estimating
the dark matter parameters that can give a good fit to
the ARCADE data. The presence of these magnetic fields
has been confirmed by the measurement of diffuse syn-
chrotron emission from galaxy clusters. While their ori-
gin is still debated, conclusions about their strengths can
already be drawn from different approaches. See, for ex-
ample, references [16, 17] for summaries.
The ratio of the synchrotron flux and Compton pro-
duced X-ray flux allows estimations of the averaged mag-
netic field in galaxy clusters. Using this method, values of
about 0.1 to 0.3 µG have been deduced. Also, rotation
of polarized emission of radio sources within or behind
a cluster opens up the possibility to constrain the aver-
aged magnetic field strength along the line of sight due to
Faraday rotation. This method points to magnetic field
values of a few µG. Larger magnetic fields (tens of µG)
have been found in the high density cooling-core regions.
Note here, that the values found using the Faraday ef-
fect are much larger compared to the ones deduced from
the ratio of synchrotron to X-ray fluxes. This is not a
contradiction, however, because no averaging over the
large cluster volume is performed in the second method.
Whereas it is still true that the intracluster magnetic
fields are not well understood yet and more data is needed
to be more confident about their strength, reasonable es-
timations based on both discussed methods are possible.
The explanation of the ARCADE excess in terms of anni-
hilating dark matter surely depends on the assumptions
on these magnetic field strengths such that uncertainties
on the resulting good parameter regions are unavoidable.
Reference [9] assumed a magnetic field which is con-
stant throughout space and time with a value of 10 µG,
which lies in the region expected from observations. A
more evolved parametrization of the magnetic fields de-
pending on the size of the halo and an added strong in-
crease of the field values towards the halo centers has
been adapted in reference [11]. Additionally, the authors
have performed a marginalization over the magnetic field
strengths that significantly widen the good fit parameter
regions and hence respect the uncertainties introduced
from the unknown magnetic field strengths.
As both works assume magnetic field strengths consis-
tent with the given experimental indications and point
towards similar dark matter parameter regions, the de-
rived values can be taken to be robust and confronting
them with further data, in this paper coming from AMS,
is reasonable and also necessary.
In the future, however, we could learn that the intra-
cluster magnetic fields are much stronger than assumed
in these works, lying beyond the range taken for the
marginalization. Such stronger fields would enhance syn-
chrotron emission and allow for smaller annihilation cross
sections of dark matter as considered in this paper. How-
ever, at the moment, there are no such indications of
much stronger magnetic fields.
Another source of uncertainty are substructures in ha-
los. Clumped regions can boost synchrotron emission
and a wrong treatment could overestimate the necessary
annihilation cross section to fit the ARCADE data. How-
ever, as substructures are in the outer regions of halos
and get disrupted when they fall into the center, their
surrounding magnetic fields are weak and the impact of
the clumping factor on synchrotron emission is expected
to be moderate. From reference [11] we take the set of
parameter regions that were derived with the most op-
timistic boost factor, resulting in the smallest possible
annihilation cross section that is most difficult to con-
strain.
Earlier works found that annihilations into lepton fi-
nal states can give a good fit to the radio excess, whereas
solutions in terms of bb¯ give a too soft spectrum and are
therefore less appealing as a solution of the ARCADE
anomaly [9, 11]. Reference [11] confronted the annihi-
lating dark matter explanation further with constraints
from gamma-ray data [18, 19] and observations of dwarf
spheroidals [20, 21] excluding dark matter masses above
50 GeV because a too large gamma-ray flux would be
present, independent of the annihilation channel. Also,
it was shown that a pure annihilation into tau-antitau
pairs is excluded by the gamma-ray data already.
Recently, AMS data has been reinvestigated in terms
of annihilating dark matter by performing a spectral
analysis [13, 14]. Strong constraints are derived on self-
annihilating dark matter with lepton final states, espe-
cially for electron-positron pairs. For dark matter masses
below 50 GeV the thermal annihilation cross section of
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FIG. 1: Dark matter mass and self-annihilation cross section
that can explain the ARCADE excess for annihilation into
electron/positron pairs (gray shaded region) [11], limits on the
self-annihilation cross section from dwarf spheroidal galaxies
(black-dashed line) [20, 21] plus limits derived from the AMS
positron fraction (black-solid and black-dotted lines) [13] and
positron flux (black-dash dotted line) [14]. It is apparent that
the dark matter explanation of the excess is ruled out.
the WIMP paradigm (σv = 3 × 10−26cm3 s−1) is ex-
cluded by more than an order of magnitude for dark mat-
ter candidates which annihilate into electron-positron or
muon-antimuon final state particles. Annihilations into
tau-antitau pairs are also under pressure, but within the
quoted uncertainties the WIMP thermal cross section is
still compatible with observations. In this work we will
use these limits and check their compatibility with the
dark matter explanation of the ARCADE excess.
Uncertainties when analyzing the AMS data come from
the unknown local dark matter density and also from the
energy loss of electrons or positrons in the local magnetic
fields. To account for these uncertainties, a range for the
local dark matter density between 0.25 and 0.7 GeV cm−3
and a range for the sum of the local radiation and mag-
netic field energy densities between Urad+UB = (1.2−2.6)
eV cm−3 has been considered in [13]. This then results
into a band of exclusion limits on the annihilation cross
section rather than a single line. We respect these uncer-
tainties and show the exclusion bands.
In the Supplemented Material of [22], the authors fur-
ther discuss the impact of a nonsmooth background that
might arise from a collection of pulsars and would make
the search for a dark matter peak in the spectrum much
more difficult. Indeed, they find that limits may weaken
by up to a factor of 3, but only for the case of electro-
positron final states. In the case of muon final states,
the dark matter peak in the AMS data is expected to
be much broader than a collection of pulsar peaks, such
that the signal is sufficiently different and easily distin-
guished from the background. There was no indication
of any peaked structure in the AMS data. Solar modula-
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FIG. 2: The same as figure 1 but with annihilation into
muon/anti-muon pairs.
tion may affect the diffusion of the low-energetic part of
the positron flux and limits become less certain below a
dark matter mass of 5 GeV and are not presented in [13].
The AMS data has independently been used in [14] to
set limits on the dark matter annihilation cross section
by using only the positron flux in order to reduce the
dependence on the electron flux. These limits are signif-
icantly weaker than the ones coming from the positron
fraction, but still strong enough to test thermal WIMP
cross sections for light dark matter. When considering
also the positron fraction, the authors find comparable
limits to [13].
Results In figures 1, 2 and 3 we present the regions
of parameter space that can give a fit of the ARCADE
excess as gray shaded regions and limits on the self-
annihilation cross section of dark matter from dwarf
spheroidal data as a black dashed line, following refer-
ence [11]. Also, we show exclusion limits coming from
the AMS positron fraction from reference [13] as a black
solid line and indicate the uncertainties quoted in this ref-
erence as black-dotted lines around the central exclusion
value. Additionally, we draw the exclusion limits aris-
ing from the positron flux alone as a dash dotted black
line [14]. The annihilation cross section of a standard
WIMP to produce the correct relic abundance is indi-
cated as a gray horizontal line.
For pure annihilation into electron-positron pairs or
muon-antimuon pairs, the good region for the ARCADE
excess is clearly excluded by the positron data of AMS.
Both regions are almost an order of magnitude above
even the most conservative exclusion limit, see figure 1
and 2, respectively. For the case of electron-positron final
states, a small window of less than a GeV is left open be-
cause limits from [13, 14] do not apply in this small dark
matter mass region. We point out again that a non-
smooth background from pulsars would indeed weaken
the limits on electron-positron final states by a factor of
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FIG. 3: The same as figure 1 but with dark matter annihi-
lating in equal parts into electrons, muons and taus.
about 3. However, even these weakened limits would still
put the ARCADE explanation into great tension with ob-
servations.
The same conclusion can be drawn for the democratic
case, see figure 3, in which annihilation proceeds into
all three lepton flavors with equal probability. For this
scenario we simply rescaled the limits on the annihilation
into electron-positron pairs by a factor of 3 to account
for the different branching ratio. Note again that a pure
annihilation into tau-antitau pairs is already excluded by
gamma-ray data and that bb¯ final states provide a much
worse fit to the ARCADE data than lepton final states
and are therefore less appealing [9, 11].
Earlier works had shown that the isotropy of the excess
is an indication against a dark matter explanation [23]
and that the smooth intergalactic distribution of dark
matter requires too large magnetic fields to explain the
excess via annihilations [24].
We see that all possible scenarios that can explain
the excess observed in the radio wave background in
terms of self-annihilating dark matter are inconsistent
with positron data from AMS and other explanations are
now necessary.
Conclusions In this paper we assumed that the ex-
cess that is found in isotropic radio data is due to self-
annihilating dark matter whose annihilation products
emit synchrotron radiation and fit the observed power-
law excess above the expected background. As was shown
in earlier works [9, 11] only leptonic annihilation chan-
nels can provide a good fit to the data and are already
under pressure from cosmic ray data. We confronted
this scenario further with limits on the dark matter self-
annihilation cross section derived from the positron data
of AMS [13, 14] that heavily constrain light dark mat-
ter with leptonic annihilation channels. We presented in
figure 1, 2 and 3 that the explanation in terms of anni-
hilating dark matter is ruled out by about an order of
magnitude. Hence, other explanations have to be found.
We remarked that intracluster magnetic fields could
turn out to be much stronger than assumed in the anal-
yses such that energy loss of annihilation products into
synchrotron radiation would be increased and smaller an-
nihilation cross sections, that might fall into the allowed
region of parameter space, would be allowed.
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